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The replication of rubella virus (RUB) in Vero cells, an adherent cell line, results in apoptotic death of infected cells as
detected by chromatin fragmentation assays. In infected cultures, virtually all of the cells that had become detached (a
hallmark feature of RUB-induced cytopathology) were apoptotic; they were predominantly dead as shown by propidium iodide
and trypan blue exclusion tests. In contrast, the majority of the cells in the infected monolayers that remained adherent were
alive and contained intact chromatin. Thus simple counting of detached cells in the medium is a convenient way of measuring
the extent of RUB-induced apoptosis. RUB-induced cytopathology was inhibited by z-VAD-fmk, an inhibitor of caspases that
are involved in the execution stages of apoptosis, confirming the induction of apoptosis by RUB. The lack of apoptotic
adherent cells (maximally 1% at any time point through 6 days postinfection) indicates that the induction of apoptosis is
asynchronous since cells become uniformly virus antigen-positive by day 2 postinfection. To elucidate whether this
asynchronicity and the ability of RUB to persistently infect Vero cells were due to a suppression of apoptosis, we examined
whether RUB can suppress chemically induced apoptosis. Staurosporine (ST) was found to be an efficient inducer of
apoptosis in Vero cells. ST treatment of RUB-infected and RUB persistently infected cells resulted in a much higher proportion
of detached cells, higher even than in Vero cells treated with ST alone. This indicates that RUB does not suppress ST-induced
apoptosis and, rather, that ST and RUB acted cumulatively in inducing apoptosis, possibly indicating that they use different
induction pathways. © 1998 Academic Press
INTRODUCTION
Apoptosis, or programmed cell death, is a common
consequence of viral replication, as has been demon-
strated for a growing number of RNA and DNA viruses in
cell culture and in vivo, which can contribute to the
symptomology of viral diseases (Razvi and Welsh, 1995;
Teodoro and Branton, 1997). The purpose of this study
was to determine whether rubella virus (RUB) also be-
longs to the category of viruses that kill infected culture
cells via induction of apoptosis. Although RUB infection
is generally asymptomatic or benign in nature (typified by
a rash of short duration), it can result in complications
such as transient and chronic polyarthralgia and arthritis
(especially in adult women), thrombocytopenic purpura,
and postinfectious encephalopathy (medical aspects of
rubella reviewed by Wolinsky, 1996). The most serious
consequence of RUB infection is known as congenital
rubella syndrome, a complex of severe birth defects
(deafness, blindness, heart and brain damage, or mis-
carriage) caused by virus replication in the fetus after
infection during the first trimester of pregnancy.
RUB is the only member of the Rubivirus genus of the
Togaviridae family that also includes the Alphavirus ge-
nus. RUB is an enveloped single-stranded, plus-sense
RNA virus (the molecular biology of RUB is reviewed in
Frey, 1994). In the virion, the genomic RNA of ;10,000
nucleotides in length, which is capped and polyadenyl-
ated, is enclosed within an icosahedral capsid com-
posed of the capsid protein C. The capsid is surrounded
by an envelope with two embedded viral glycoproteins,
E1 and E2. The whole replication cycle of RUB, including
viral RNA replication, protein synthesis, and assembly of
new virions, occurs in the cytoplasm. Three viral RNA
species are found in infected cells: the genomic RNA,
which is also the mRNA for the nonstructural proteins
necessary for viral RNA synthesis; the complementary
genome-length, minus-sense RNA, which is a template
for synthesis of plus-strands; and a subgenomic RNA,
which corresponds to the 39-terminal third of the genome
and serves as the mRNA for the structural proteins.
RUB replicates slowly and to relatively low titers in a
number of primary cell cultures and continuous cell lines
of vertebrates, generally producing little or no cytopathic
effect (CPE) (reviewed by Frey, 1994). RUB grows to
higher titers (;107 PFU/ml), induces CPE, and forms
plaques within 5–6 days in Vero cells (African green
monkey kidney cells) without shutting down host cell
macromolecular synthesis. Viral growth kinetics in Vero
cells are characterized by a lag phase of ;12 h followed
by a gradual raise in virus titers through 2–3 days postin-
fection (p.i.) (Frey, 1994; Pugachev et al., 1997). Despite
CPE and cell death, persistent infection in Vero cells is
readily established.
In contrast to RUB, replication of Sindbis virus (SIN),
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the prototype member of the alphaviruses, is rapid (the
maximum level of virus output is achieved by 6 h p.i.) and
is accompanied by arrest of host macromolecular syn-
thesis and profound CPE in practically all vertebrate cell
cultures (however, not in mosquito cell cultures, in which
persistent infection is readily established) (reviewed by
Strauss and Strauss, 1994). Apoptosis triggered by SIN
has been detected in various vertebrate (but not mos-
quito) cell cultures and brain neurons of infected mice
(Karpf and Brown, 1998; Levine et al., 1993; Lewis et al.,
1996). Neuronal apoptosis and hormonal stress re-
sponses have been proposed to be the key contributors
to development of fatal encephalitis caused by SIN in
susceptible mice (Griffin et al., 1994; Levine et al., 1996;
Lewis et al., 1996; Trgovcich et al., 1997).
Mechanisms of virus-induced apoptosis, as well as
apoptosis induced by other agents, are not completely
understood because of the complexity of the underlying
biochemical cascades and because not all of the partic-
ipating host factors have been identified (Teodoro and
Branton, 1997). SIN-induced apoptosis has been re-
ported to be inhibited by Bcl-2 (Levine et al., 1993, 1996)
or delayed by Ras (Joe et al., 1996) and to require NF-kB
activation (Lin et al., 1995). In addition, caspases were
implicated in SIN-induced programmed cell death (Nava
et al., 1998). Caspases are cysteine proteases involved in
the execution stage of apoptosis. Recently, identified
cleavages by caspases of a number of cellular proteins,
such as Bcl-2, protein kinases, the retinoblastoma pro-
tein, cytoskeletal proteins, DFF protein, and caspase
precursors (Cheng et al., 1997, and references therein),
are believed to trigger DNA fragmentation as well as
other biochemical and morphological changes during
apoptosis. In addition, a caspase-dependent DNase
(CAD) was recently discovered that is located in the
cytoplasm in a complex with its inhibitor ICAD.
Caspase-3 cleaves ICAD, which results in activation of
CAD and its migration to the nucleus to degrade cell
DNA (Enari et al., 1998; Sakahira et al., 1998).
In this study, we demonstrate that death of RUB-in-
fected Vero cells also occurs due to apoptosis and that
this apoptosis is caspase dependent. We were also
interested in whether the ability of RUB to initiate persis-
tent infection involved interference with apoptosis. How-
ever, we found no evidence of suppression of apoptosis
in either acutely or persistently infected cells.
RESULTS
RUB-induced cytopathology in Vero cells
Two strains of RUB were used in this study: w-Therien,
which induces moderate CPE and forms opaque plaques
in Vero cells, and its clear-plaque laboratory variant,
f-Therien, which is more cytopathic (Pugachev et al.,
1997). In this study, infection with these viruses was done
using a relatively high multiplicity of infection (m.o.i.) (3
PFU/cell), which typically results in initial infection of
50–60% of the cells (Hemphill et al., 1988). Morphological
changes in the infected monolayers begin to appear at
;2 days p.i., when some of the cells become rounded
and then detach and float in the medium. These de-
tached cells (floaters) appear shrunken in comparison to
Vero cells in suspension obtained by trypsinization of
mock-infected or RUB-infected monolayers. By this time,
virually all of the monolayer cells are RUB antigen-posi-
tive as determined by an indirect immunofluorescence.
The cell rounding and detachment progresses such that
by day 5 p.i., ;40% and ;10% of the cells infected with
w-Therien and f-Therien, respectively, remain in the
monolayer (Pugachev at al., 1997), whereas there is prac-
tically no observable cell rounding and detachment in
mock-infected cultures during $10 days of incubation.
Cytopathology during the establishment of persistent
infection is as follows. During the first five weekly pas-
sages of an infected culture, the cells remain subconflu-
ent, and pronounced cytopathology is observed (round-
ed cells in the monolayer and large numbers of detached
cells in the medium; during this period, the rate of cell
killing is obviously equilibrated by cell multiplication).
After the fifth passage, the condition of the culture begins
to improve in that the monolayer reaches confluency and
fewer cells are detached. By approximately the 12th
passage, cytopathology in the culture is minimal.
Chromatin fragmentation in RUB-infected Vero cells
To examine whether RUB-infected Vero cells die due
to induction of apoptosis, total cellular DNA from 105
monolayer and detached cells was extracted using an
SDS-extraction protocol and analyzed in agarose gels.
As can be seen in Fig. 1A, no significant DNA fragmen-
tation was detected in mock-infected cells or in w-Ther-
ien RUB-infected monolayers through 6 days p.i.,
whereas chromatin in the detached cells was almost
completely fragmented (Fig. 1B). A similar result was
obtained with the f-Therien strain (data not shown). This
observation of a DNA ladder in the floaters indicates that
RUB induces apoptosis. On the other hand, the absence
of a pronounced DNA laddering in the monolayer sug-
gests that the majority of attached cells are not in the late
stages of apoptosis when DNA fragmentation is induced.
When an alternative, Triton X-100 extraction protocol was
used that yields only low-molecular-weight (extranucle-
ar) DNA present in apoptotic cells but not in normal
healthy cells, a characteristic DNA ladder was detected
in both w-Therien and f-Therien-infected monolayer cells
as early as 2 days p.i. (and through day 4 p.i.) (Fig. 1C).
No chromatin fragmentation was detected at 1 day p.i. or
in mock-infected cells. The higher sensitivity in the later
experiment was because extranuclear DNA from ;5 3
106 could be loaded onto each of the lanes without
360 PUGACHEV AND FREY
overloading the gel, which is 50 times more than in the
previous experiment.
An in situ terminal deoxynucleotidyl transferase-medi-
ated dUTP nick end labeling (TUNEL) assay was used to
determine how many monolayer cells are undergoing
DNA fragmentation at any particular time. A few apopto-
tic cells were observed in the mock-infected monolayer
(Fig. 2A), whereas their number increased roughly five
times at 1 day p.i. to ;1% of total cells (Fig. 2B) and
remained similar at later times p.i. (Figs. 2C and 2D).
Interestingly, at day 1 p.i. and in the mock-infected cul-
ture, the chromatin of apoptotic cells was mostly con-
densed (Fig. 2E), whereas starting at say 2 p.i., cells with
segmented and condensed chromatin were observed
(Fig. 2F). Costaining with an anti-E1 monoclonal antibody
revealed that ;70% of the cells in the infected culture
were antigen-positive at 1 day p.i. (some apoptotic cells
did not costain with the antibody), whereas virtually all
cells were antigen-positive at days 2 and 3 p.i. (data not
shown). Thus, the segmented condensation pattern was
unique to RUB-infected cells.
The fact that the majority of infected monolayer cells
contain intact chromatin was confirmed by flow cytom-
etry. Monolayer and detached cells from RUB-infected
cultures were harvested and subjected to the TUNEL
assay at different times (up to 6 days) p.i., and the
FITC-fluorescence (which is proportional to the extent of
DNA fragmentation in these cells) was measured. A
typical result obtained with w-Therien-infected cells is
shown in Fig. 3. Fluorescence in the majority of cells in
the monolayer on day 4 p.i. (94.59%) was low (Fig. 3B)
and similar to that in mock-infected cells from day 1 p.i.
(Figs. 3A and 3D), whereas most of the detached cells
(86.96%) exhibited fluorescence that was ;100 times
stronger than the infected monolayer or mock-infected
control (Figs. 3C and 3D). Using this assay, the propor-
tion of apoptotic cells in the infected monolayer (0.32%)
was somewhat lower than that in the in situ assay (;1%).
This could be due to the relatively wide range in the
intensity of fluorescence in apoptotic cells, which could
be scored differently by microscopy compared with flow
cytometry, or because the sample preparation for flow
cytometry involves multiple centrifugations, which could
lead to selective loss of some apoptotic monolayer cells,
which have an increased tendency to adhere to plastic
centrifuge tubes compared with monolayer cells.
We also examined DNA fragmentation patterns with
these methods in cultures persistently infected with the
w-Therien strain. During the establishment of the persis-
tent infection (passages 3 and 8 were examined), DNA
patterns were similar to those observed during acute
infection: DNA from monolayer cells was predominantly
intact, whereas DNA from detached cells was degraded
(data not shown).
Annexin V-binding assay to detect early stages of
apoptosis
In early stages of apoptosis, phosphatidylserine,
which is located in the inner layer of the plasma mem-
brane of healthy cells, is translocated to the cell surface
(outer layer of the membrane) (Vermes et al., 1995).
FIG. 1. Apoptotic DNA-laddering in RUB-infected cells. Vero cells were mock-infected (mo) or infected with the w-Therien (w-RUB) or f-Therien strain
(f-RUB) of RUB at an m.o.i. of 3 PFU/cell. Total DNA from 105 monolayer (A) or detached cells (B) was extracted using a total DNA extraction protocol
at indicated days p.i. and resolved by agarose gel electrophoresis. (C) Low-molecular-weight (extranuclear) DNA from ;5 3 106 monolayer cells was
extracted using an alternative Triton X-100 extraction protocol at indicated days p.i. The molecular weight markers (mw) are phage l DNA digested
with HindIII and phage fX174 DNA digested with HaeIII loaded in the same lane (A and B) or in adjacent lanes (C).
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Annexin V is a Ca21-dependent phospholipid-binding
protein with high affinity for phosphadidylserine; there-
fore, annexin V–fluorescein binding is a highly sensitive
method to detect early apoptotic cells (Vermes et al.,
1995) and thus could be useful to detect apoptotic mem-
brane changes in RUB-infected monolayer cells long
before rounding and DNA fragmentation occur. Mock-
infected cells, as well as the monolayer and detached
cells from w-Therien infected culture from day 6 p.i. (late
in infection), were incubated in the presence of annexin
V–fluorescein, and their relative fluorescence was mea-
sured by flow cytometry. As shown in Fig. 4, the results
were similar to the DNA fragmentation assays in that
although most detached cells were highly fluorescent
(indicating that they contained phosphatidylserine ac-
cessible to annexin V), fluorescence of the majority of
infected monolayer cells was low, similar to that of mock-
infected cells. When this assay was performed in situ by
microscopic examination of cell fluorescence, no differ-
ence was observed between the infected monolayers at
days 1 and 2 p.i. and the mock-infected cells (data not
shown). Interestingly, however, Vero cell monolayers in-
cubated with staurosporine (ST) (which induces apopto-
sis as shown below) or treated with 0.01–0.02% Triton
X-100 (to make the internal layer of the cytoplasmic
membrane accessible to annexin V) before the assay did
not exhibit fluorescence. Therefore, it is possible that the
annexin V-binding assay is not sensitive for detection of
apoptosis in adherent Vero cells.
Analysis of cell cycle profile of RUB-infected cells
We also used a flow cytometry assay based on pro-
pidium iodide uptake, which is proportional to cell DNA
content, to determine whether the cell cycle is perturbed
by RUB infection. A typical result obtained from cells on
day 6 p.i. is shown in Fig. 5. As expected, no pronounced
sub-G1 (apoptotic) signal was observed in the DNA his-
togram from cells from the infected or mock-infected
monolayers (Figs. 5A and 5B). In accordance with TUNEL
assay, only 0.66% of the infected monolayer cells were
apoptotic. In contrast, .50% of the floaters were in the
FIG. 2. Analysis of chromatin fragmentation by in situ TUNEL assay. Monolayers of mock-infected cells (A and E) or cells infected with f-Therien
RUB at an m.o.i. of 10 PFU/cell at days 1 (B), 2 (C and F), and 3 (D) p.i. were fixed, permeabilized, and subjected to TUNEL reaction followed by
microscopic examination using a Zeiss Axioplan microscope with epifluorescence capacity. Magnifications of 310 (A–D; each of the areas shown
represents ;1800–2000 cells) and 3100 (E and F) were used.
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apoptotic area of the histogram (Fig. 5C). Interestingly,
relative to the mock-infected cells, a slight shift in the
proportion of cells in the S and G2/M phases of the cell
cycle was noticed in the infected monolayer. Specifically,
75.52%, 14.43%, and 8.93% of the cells in the infected
monolayer were in G0/G1, S, and G2/M phases, respec-
tively, whereas percentages of mock-infected cells in
these phases were 92.04%, 2.89%, and 4.86%, respec-
tively. This was most probably due to the mock-infected
monolayer, but not the RUB-infected monolayer, becom-
ing overconfluent by the time of the analysis (see below).
Analysis of floaters
To determine whether the detached cells in the me-
dium were alive or dead, we first used a propidium
iodide (PI)-permeability assay in which PI fluorescence is
measured by flow cytometery (live cells are not perme-
able). As can be seen in the histogram in Fig. 6, at 6 days
p.i. with w-Therien, the majority of cells in the monolayer
(79.88%) exhibited a low intensity of fluorescence and
thus were alive. Interestingly, a slight shift upward in the
position of the live cell peak in comparison with the
mock-infected cells was observed. The reason for this
shift is unknown but may be due to changes in the
permeability of the plasma membrane in infected cells.
In contrast, the majority of detached cells (94.95%) were
highly fluorescent, and thus the floaters were predomi-
nantly dead. These results were confirmed by a standard
trypan blue exclusion test: ;90% of mock-infected cells
and ;80% of the cells in the RUB-infected monolayer
excluded trypan blue, whereas 98% of the RUB-infected
detached cells were stained with trypan blue and thus
were dead. In Fig. 6, the detached cells were harvested
after a 24-h period (the medium was changed at 5 days
FIG. 3. Analysis of chromatin fragmentation by TUNEL assay followed by flow cytometry. (A) Fluorescence of mock-infected cells harvested at 1
day p.i. (B and C) Fluorescence of w-Therien RUB-infected monolayer and detached cells, respectively, harvested at 4 days p.i. (D) Histograms in A–C
combined. After TUNEL reactions, the relative FITC fluorescence of 10,000 cells were assayed using a flow cytometer; cell counts are plotted as a
function of intensity of fluorescence (FL1-H). The percentages of cells exhibiting low (M1) and high (M2) relative fluorescence are given.
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p.i. and floaters were harvested on day 6). Detached
cells produced during as short an interval as 1 h were
also examined with a similar result that they were pre-
domonantly dead (data not shown), indicating that cell
death occurs before or concomitantly with detachment.
We next examined whether cells remain capable of
production of virus after detachment. For this purpose,
a monolayer of f-Therien-infected cells at day 3 p.i. and
detached cells harvested from this culture during a 1-h
interval were washed with PBS and incubated in
growth medium at 35°C for 2 h. Cells were counted,
titers of virus in the media before and after incubation
were determined, and rates of virus production were
then calculated. Adherent monolayer cells produced
;220 times more PFU (2.27 PFU/cell/h) than detached
cells (0.01 PFU/cell/h). In addition, a relative ratio of
virus trapped inside these cells was determined by
multiple freeze–thaw cycles of cell suspensions fol-
lowed by determination of virus titers in the clarified
media. Roughly 30 times more virus was released
using this procedure from the monolayer cells (1.85
PFU/cell) compared with detached cells (0.064 PFU/
cell). Thus, virus production by detached cells is sig-
nificantly reduced compared with the infected mono-
layer cells, and these cells are not a repository of
significant amounts of trapped virus.
Inhibition of RUB-induced apoptosis by z-VAD
Caspases play a crucial role in the execution stage of
apoptosis, and apoptosis can be inhibited by pseudo-
substrates of these proteases. A chemically modified
oligopeptide called z-VAD-fmk [z-Val-Ala-Asp(OMe)-CH2F]
has been shown to efficiently and specifically inhibit
apoptosis, including SIN-induced apoptosis (Nava et
al., 1998; Zhivotovsky et al., 1995). To learn whether
z-VAD can inhibit the cytopathology observed during
RUB infection, f-Therien RUB-infected and mock-in-
fected Vero cells were incubated in the presence and
absence of z-VAD (the f-Therien strain was chosen for
this experiment because of its greater cytopathogenic-
ity). The mock-infected cells appeared normal through-
out the experiment, both in the presence and in the
absence of z-VAD. RUB-specific CPE was observable
in the f-Therien-infected culture without z-VAD on day
2 after infection and became profound on day 3.5. In
contrast, the infected culture incubated with z-VAD
showed little cytopathology on day 2, and by day 3.5,
the numbers of deformed and rounded cells in the
monolayer and detached cells in the medium were
noticeably lower than in the culture incubated without
z-VAD. On day 3.5, the numbers of attached and de-
tached cells in these cultures were determined (Table
1). In the untreated f-Therien-infected culture, 43.8% of
FIG. 4. Result of annexin V-binding assay. Trypsinized mock-infected (shadowed) and w-Therien-infected monolayer cells at day 6 p.i. (thick line)
and detached cells from the infected culture (thin line) were incubated in the presence of annexin V-fluorescein. Relative FITC fluorescence of 10,000
cells was measured by flow cytometry and plotted versus cell counts ( y axis).
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the total cells were detached, whereas in the infected
culture incubated with z-VAD, floaters constituted only
7.5% of all cells. z-VAD did not affect virus replication
because RUB titers in the media from the two infected
cultures were identical. These results confirm that
Vero cells infected with RUB die due to apoptosis and
that caspases are involved in the process. Interest-
ingly, the total number of the RUB-infected cells in the
monolayer and in the medium combined (incubated
both with and without z-VAD) was ;2.5 times less than
the number of cells in the mock-infected culture, indi-
cating that RUB reduces the rate of Vero cell multipli-
cation. z-VAD and/or DMSO (z-VAD solvent) also some-
what slowed the growth of mock-infected Vero cells
(1.65 times fewer cells were present in the treated
compared with the untreated, mock-infected culture).
ST-induced apoptosis in RUB-infected cells
To determine whether the slow and asynchronous
induction of apoptosis in Vero cells after RUB infection or
the ability of RUB to initiate a persistent infection was
due to a virus-induced suppression of apoptosis, we
attempted to find a proapoptotic agent that would mimic
RUB-induced apoptosis in Vero cells but induce it more
efficiently. ST was found to be the most suitable for this
purpose. The addition of ST to Vero cells resulted in
;30–80% of the cells becoming detached within 15 h and
floating in the medium, depending on the freshness of
the reagent (ST is unstable and its activity diminished
with multiple freeze–thaw cycles). Interestingly, the effec-
tiveness of ST was also dependent on the age of the
culture and/or the batch of the reagent (experiments
described here were done on Vero cells that had been
FIG. 5. Cell cycle analysis. Shown are DNA content histograms of mock-infected (A) and w-Therien-infected monolayer cells (B) analyzed at 6 days
p.i. and floaters (C) harvested during a 24-h interval (day 4–5) from the w-Therien-infected culture. Fixed and permeabilized cells were stained with
propidium iodide (PI), followed by measurement of relative PI-fluorescences (FL2-H), which is proportional to DNA content, using a flow cytometer.
Signals from 5000 singlets were plotted in each histogram. Proportions of cells in the different phases of the cell cycle are given. The subG1 (M1)
area is composed of apoptotic cells.
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propagated in our laboratory for ;1.5 years, whereas
new Vero cells obtained from the American Type Culture
Collection did not produce as many floaters when
treated with a different batch of ST). In contrast to ST,
etoposide and mitomycin C, as well as incubation of the
cells for #4 days in serum-free medium, did not induce
pronounced cytopathology, whereas 1-methyl-3-nitro-1-
nitrosoguanidine appeared overly toxic in that the whole
monolayer detached without breaking into individual
cells within a 14-h incubation period. Although the cyto-
pathology induced by ST resembled RUB-induced CPE,
ST caused significant blebbing of cells, making counting
of cells (especially floaters) somewhat difficult (to mini-
mize the contribution of blebs to cell counts, we did not
count particles that were arbitrarily too small). As found
in RUB-infected cells, the chromatin of detached cells
collected after incubation with ST was fragmented as
was shown by their strong fluorescence in TUNEL assay
(Fig. 7A) and by the presence of a ladder in extracted
DNA (data not shown). Although chromatin fragmenta-
tion in the ST-treated cells that remained in the mono-
layer was almost undetectable in terms of DNA laddering
FIG. 6. Cell viability. Mock-infected cells (shadowed) and w-Therien-infected monolayer cells (thick line) from day 6 p.i., and detached cells from
the w-Therien-infected culture collected during day 6 p.i. (thin line) were stained with propidium iodide (PI) without prior fixation and permeabilization.
Relative PI fluorescences (FL3-H) of 10,000 cells were measured by flow cytometry and plotted versus cell counts ( y axis). Percentages of live cells
that exclude PI and thus exhibit low fluorescence (M1 area of the histogram) and dead cells exhibiting high fluorescence (M2 area) are given. Mock
indicates mock-infected cells; ML, monolayer cells; FL, floaters.
TABLE 1
Inhibition of Cytopathic Effect of RUB by z-VAD
Culture
Cells in monolayer a
(3105)
Floatersa
(3105)
Total cells
(3105)
Floaters
(%)
RUB titer b
(PFU/ml)
RUB 4.18 3.26 7.44 43.8% 1.05 3 107
RUB 1 VAD 7.46 0.61 8.07 7.5% 1.03 3 107
Mock 1 VAD 12.67 0 12.67 0% —
Mock 21.0 0 21.0 0% —
Note. Vero cells in 35-mm plates were infected (RUB) or mock-infected (mock) with f-Therien RUB and incubated in the presence (1VAD) or absence
of z-VAD. Cells in the monolayers and in the media were counted at 3.5 days postinfection.
a Absolute numbers of cells; mean values of two counts are given.
b Mean values of titers obtained in two independent experiments are given.
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(data not shown), there was a pronounced shift toward a
stronger fluorescence of these cells in TUNEL assays in
comparison with the monolayer cells in RUB-infected
cultures (compare Figs. 7A and 3). In contrast to RUB
infection, the majority (;70%) of the detached cells gen-
erated by ST treatment excluded trypan blue and PI and
thus were viable (data not shown). ST-induced apoptosis
was also found to be caspase dependent because co-
incubation of cells with z-VAD and ST reduced the
amount of detached cells by ;10-fold.
ST was added to w-Therien RUB-infected cells at day
2 p.i. and to the persistently infected culture at the sev-
enth passage. Interestingly, ST treatment resulted in a
more profound CPE (90% and 96% of the total cells in the
infected and persistently infected cultures, respectively,
were floating in the medium) compared with the parallel
infected and persistently infected cultures (10% and 11%
floaters, respectively), as well as uninfected cells incu-
bated in the presence of the reagent (37% floaters) (Fig.
7B). RUB therefore does not cause an inhibitory effect on
ST-induced apoptosis, and the two interact cumulatively
to induce cell detachment.
DISCUSSION
Apoptosis is a natural, genetically controlled process
of cell self-destruction that is vital in the development of
an organism and in its life-long maintenance free from
aberrant cells that can be generated by various factors
such as radiation, oncogenesis, and viral infections. Al-
though the replication of many viruses has been shown
to lead to apoptosis and some viruses are believed to
actively induce apoptosis (e.g., blebbing of apoptotic
cells is speculated to facilitate dissemination of nonen-
veloped, nonlytic viruses), other viruses have evolved
mechanisms to suppress apoptosis via interference with
apoptotic cascades by certain virus-specified proteins to
prolong the life of the host cell (Razvi and Welsh, 1995;
Shen and Shenk, 1995; Teodoro and Branton, 1997).
In this study, we demonstrated that cytopathology and
cell death in Vero cells, a line of culture cells in which
these are induced by RUB, are due to the induction of
apoptosis. The chromatin of detached cells (floaters) that
accumulated in the medium of infected cultures was
fragmented in patterns specific for apoptosis as mea-
sured by two assays; these cells were also predomi-
nantly dead. In contrast to detached cells, cells with
chromatin fragmentation were at minimal levels in the
monolayers (;1% of total cells by in situ TUNEL assay).
Thus the majority of cells in the monolayers contain
intact chromatin. Our experiments to detect cells under-
going early stages of apoptosis by using an annexin
V-binding assay that detects membrane changes gave a
similar profile. However, the annexin V-binding assay
appeared to be insensitive on attached Vero cells (an-
nexin V-binding assay has been successfully used
mostly on suspension cultures). Because our assays
thus detected only the terminal stages of apoptosis, we
do not know the time course of RUB-induced apoptosis.
Presumably, the process is initiated in adherent cells and
culminates with cell rounding, detachment from the
FIG. 7. Effects of staurosporine (ST). (A) Induction of apoptosis in Vero cells by ST as detected by TUNEL assay. Cells were incubated for 15 h in
the presence or absence of 10 mM ST. Mock-treated cells (shadowed), ST-treated monolayer cells (thick line), and detached cells from the treated
culture (thin line) were subjected to TUNEL reaction and analyzed by flow cytometry. Signals from 10,000 cells in each sample were measured and
plotted. (B) Effects of ST on RUB-infected cells. The diagram shows total numbers of monolayer cells (m) and floaters (f) in the following parallel
cultures (in 35-mm plates): mock-infected cells (mock), RUB-infected cells at 63 h p.i. (RUB), and persistently infected cells incubated for 63 h after
the seventh passage (Pers) in the absence or presence during the last 15 h of incubation of ST (1ST).
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monolayer, and cell death. The detached cells were
neither significant repositories of virus nor sources of
virus shedding.
We found that RUB-induced cytopathology could be
dramatically reduced by the addition of z-VAD, a specific
pseudosubstrate inhibitor of caspases (Zhivotovsky et
al., 1995), without affecting virus replication, indicating
that RUB-induced apoptosis is caspase dependent. A
recent report demonstrated that SIN-induced apoptosis
is also caspase dependent (Nava et al., 1998). Our find-
ing thus was not surprising and instead served as evi-
dence supporting our conclusion that RUB can cause
apoptosis because to our knowledge, no caspase-inde-
pendent apoptotic pathway has been described.
Because at any time after 1 day p.i., only 1% of the
monolayer is demonstrably apoptotic and floaters are
produced continuously from 2 days p.i. onward while
70% and 100% of the adherent cells are RUB antigen
positive at 1 and 2 days p.i., respectively, apoptosis is
induced asynchronously. Other viruses (albeit large DNA
viruses) have been shown to be capable of suppressing
apoptosis, and such capability on the part of RUB could
explain the asynchronicity of apoptosis and the ability of
RUB to initiate persistent infection in Vero cells. We
therefore tested the ability of RUB to inhibit apoptosis
induced by a different agent. For this purpose, ST, a
potent protein kinase and topoisomerase II inhibitor
(Lassota et al., 1996; Seynaeve et al., 1994; Wang et al.,
1996), was found to induce profound apoptosis in Vero
cells. Although generally resembling RUB-induced cyto-
pathology, ST treatment produced significant blebbing of
cells, induced detectable fragmentation in adherent
cells, and generated detached cells that were predomi-
nantly alive. The addition of ST to RUB-infected cells and
to a persistently infected culture resulted in a more
profound CPE that was even greater than the cytopathol-
ogy induced by ST treatment of mock-infected Vero cells.
Therefore, RUB did not inhibit ST-induced apoptosis, and
the two agents appeared to work cumulatively to pro-
duce more profound apoptotic effect than induced by
either alone. Considering this and the differences be-
tween ST- and RUB-induced apoptosis, it is possible,
however, that RUB and ST use different upstream apop-
totic pathways; in such a case, a possible suppressive
effect of RUB on apoptosis could be masked.
Similar results in terms of detectable apoptosis being
mostly confined to detached cells were obtained with
two strains of RUB, w-Therien and f-Therien, which differ
in plaque morphology and cell killing; thus these strains
do not kill cells via different mechanisms and simply
differ in ability to induce apoptosis. The results of this
study show that apoptosis can be quantified by simply
counting floaters, and this simple assay will be of great
use in our ongoing studies to more closely define cell
killing determinants with these two strains. Using these
strains, we mapped the genetic determinants of cell
killing to the nonstructural proteins (Pugachev et al.,
1997), and thus the inducer of apoptosis may be one of
the nonstructural proteins (these two strains differ in the
amount of nonstructural proteins produced) or some vi-
rus function mediated by the nonstructural proteins (Pu-
gachev and Frey, 1998; Pugachev et al., 1997). Because
virus macromolecular synthesis is greater in Vero cells
than in other cell lines, the lack of apoptosis in these
other lines may be due to the lack of sufficient accumu-
lation of the nonstructural proteins. In terms of persistent
infection, the eventual reduction in cytopathology ob-
served after ;12 weeks after initial infection may in part
be explained by changes in the virus itself, specifically,
by selection of virus population that does not efficiently
induce apoptosis (although cells resistant to apoptosis
may also be selected). In this regard, we demonstrated
previously that by 68–76 days postinitiation, RUB-specific
RNAs detected in persistently infected cells are mostly
defective interfering RNAs, whereas the full-length
genomic RNA (the mRNA for the nonstructural proteins)
is no longer detectable, and the total amount of RUB-
specific RNA has declined (Frey and Hemphill, 1988).
Finally, the only medical manifestation of RUB infection
in which RUB cytopathology has been implicated in
pathogenesis is congenital infection (reviewed by Frey,
1994). Although necrotic lesions that could be caused by
virus-induced apoptosis are apparent, particularly in the
brain, the hallmark of congenital infection is underdevel-
opment. In infected fetal tissues, only one of 104 or 105
cells is infected, and it has been proposed that virus
infection early in development adversely affects undiffer-
entiated precursor cells, leading to underdevelopment.
RUB has been shown to have an inhibitory effect on
division in primary fetal cell cultures, and we also ob-
served an inhibitory effect on cell division because there
is a 3-fold reduction in the total cell numbers in RUB-
infected cultures compared with parallel mock-infected
cultures. The results of this study show that RUB can
induce apoptosis, and it is possible that during congen-
ital infection, RUB destroys precursor cells by induction
of apoptosis.
MATERIALS AND METHODS
Cells, viruses, and reagents
Vero cells obtained from the American Type Culture
Collection (ATCC CCL 81) were grown in DMEM (GIBCO
BRL) containing 5% FBS and gentamicin (10 mg/ml) at
35°C under 5% CO2. The w-Therien and f-Therien strains
of RUB were propagated as described previously (Hemp-
hill et al., 1988; Pugachev et al., 1997; Wang et al., 1994).
ST (Biomol Research Laboratories, Plymouth Meeting,
PA) was dissolved in DMSO to a concentration of 5 mM
(5003 stock solution). z-VAD-fmk [z-Val-Ala-Asp(OMe)-
CH2F; Enzyme Systems Products, Dublin, CA] was dis-
solved in DMSO to a concentration of 20 mM (5003
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stock solution). Etoposide (Sigma) and 1-methyl-3-nitro-
1-nitrosoguanidine (Aldrich) solutions were made in
DMSO (both 10 mg/ml), and mitomycin C (Sigma) was
dissolved at a concentration of 2 mg/ml in water. These
concentrated stock solutions were diluted directly into
medium immediately before the addition to cells.
Electrophoretic DNA fragmentation assays
Subconfluent Vero cell monolayers were mock-
infected or infected with w-Therien or f-Therien RUB at an
m.o.i. of 3 PFU/cell. At indicated times p.i., media were
collected, and cells in the monolayers were trypsinized.
Detached cells in the media (floaters) and cells from the
trypsinized suspensions were collected by low-speed
centrifugation (400g, 5 min, 12°C) and resuspended at
106–107 cells/ml in DMEM for immediate use or in
DMEM containing 5% FBS and 10% DMSO for storage at
270°C until future use. Cell concentrations in these
suspensions were determined by counting using a he-
macytometer. Total cellular DNA was extracted by the
SDS-extraction procedure essentially as described by
Jeurissen et al. (1992). Briefly, 105 cells were lysed in
SDS-extraction buffer [20 mM Tris–HCl, pH 7.5, 2 mM
EDTA, 0.2% SDS, 0.6 mg/ml proteinase K (Boehringer-
Mannheim)], and the lysates were incubated for 1 h at
37°C. The samples were then extracted twice with phe-
nol and once with chloroform, followed by ethanol pre-
cipitation. The DNA was resuspended in TE buffer (10
mM Tris–HCl, pH 8.0, 1 mM EDTA) containing 0.5 mg/ml
RNase I and incubated at room temperature for 10 min
before electrophoresis in 1% agarose gels containing
ethidium bromide.
Alternatively, extranuclear/low-molecular-weight DNA
was extracted by modification of a procedure described
by Duke and Cohen (1994). Monolayers of RUB-infected
and mock-infected cells grown in 60-mm plates were
directly lysed in TE buffer containing 0.2% Triton X-100.
Intact chromatin/nuclei were removed by centrifugation
of the lysates for 10 min at 13,000g, and fragmented DNA
was recovered from the supernatants by trichloroacetic
acid (TCA) precipitation and dissolved in TE buffer. Be-
fore agarose gel electrophoresis, samples were phenol–
chloroform extracted, ethanol precipitated, and redis-
solved in TE containing RNase I.
TUNEL assays
TUNEL assays were done using a Fluorescein in situ
Cell Death Detection Kit (Boehringer-Mannheim) accord-
ing to the manufacturer’s procedure. Briefly, cells har-
vested as described above or monolayers grown in
eight-well chamber slides (Nunc) were fixed in fresh 4%
formalin dissolved in PBS, permeabilized in 0.1% Triton
X-100 in 0.1% sodium citrate, and labeled in a TUNEL
reaction mixture. Between each of these steps, monolay-
ers on the slides were rinsed twice with PBS, and cells
in suspensions were washed twice with PBS containing
1% BSA. Fluorescein (FITC) emission of cells was exam-
ined microscopically (on slides) using a Zeiss Axioplan
microscope with epifluorescence capacity or by FACS
analysis using a Becton Dickinson FACSCalibur flow
cytometer (equipped with 488-nm, 16-mW argon laser)
under CELLQuest software (Becton Dickinson).
Annexin V-fluorescein binding assays
An Annexin-V-FLUOS Staining kit (Boehringer-Mann-
heim) was used for these analyses. For flow sytometry,
106 detached cells or trypsinized monolayer cells were
washed with PBS and resuspended in 200 ml of a Ca21-
containing staining solution (provided in the kit) supple-
mented with 4 ml of annexin V-fluorescein reagent. Flu-
orescein emission of cells in the samples was examined
using a Becton Dickinson FACSCalibur flow cytometer.
For analyses in situ, cell monolayers grown in eight-well
chamber slides (Nunc) were washed with PBS and incu-
bated for 10–15 min with 100 ml of the staining solution
containing annexin V-fluorescein, followed by micro-
scopic examination using a Zeiss Axioplan microscope
with epifluorescence capacity.
DNA content analysis
Sample preparation was essentially as described by
Ormerod (1994). Cells suspended in PBS were mixed
with five volumes of cold 70% ethanol and incubated on
ice for 1 h. The fixed cells were harvested by low-speed
centrifugation, resuspended in PBS, and incubated at
4°C overnight to allow low-molecular-weight DNA dif-
fuse from cells. RNase I and PI were added to 100 and 50
mg/ml concentrations, respectively. Measurements of
DNA fluorescence in individual cells (cell aggregates
were excluded by appropriate gating) were done using a
Becton Dickinson FACSCalibur flow cytometer according
to the manufacturer’s procedures.
Cell viability tests
Viability tests using flow cytometry were done accord-
ing to a Becton Dickinson protocol. Suspensions of 0.5 3
106 cells in 0.5 ml of PBS were mixed with 10 ml of a PI
solution in PBS (5 mg/ml) and directly examined using a
FACSCalibur flow cytometer. Alternatively, a standard
trypan blue exclusion test (Strober, 1994) was used.
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